Trapping xenon in functionalized cryptophane cages makes the sensitivity of hyperpolarized (HP) 129 Xe available for specific NMR detection of biomolecules. Here, we study the signal transfer onto a reservoir of unbound HP xenon by gating the residence time of the nuclei in the cage through the temperature-dependant exchange rate. Temperature changes larger than 0:6 K are detectable as an altered reservoir signal. The temperature response is adjustable with lower concentrations of caged xenon providing more sensitivity at higher temperatures. Ultrasensitive detection of functionalized cryptophane at 310 K is demonstrated with a concentration of 10 nM, corresponding to a 4000-fold sensitivity enhancement compared to conventional detection. This makes HPNMR capable of detecting such constructs in concentrations far below the detection limit of benchtop uv-visible light absorbance.
Nuclear magnetic resonance (NMR) is an extremely valuable detection tool in many fields of research because the recorded radio frequency (rf) signals are associated with almost no penetration limitations and extremely high specificity for the detected molecules. However, the method suffers from intrinsic low sensitivity. This can be overcome in some applications by use of hyperpolarized (HP) nuclei, but due to the nature of the hyperpolarization process it is difficult to make such high magnetization available for studies in biochemically relevant environments. Any detection scheme that enhances the sensitivity for biomolecular NMR applications is therefore of high interest.
Recent approaches for utilizing HP 129 Xe [1] in solution NMR exploit the fact that its resonance frequency is strongly shifted when it associates with a molecular cage such as cryptophane [2, 3] . Such cages can be functionalized with a targeting unit (antibody or ligand) to form xenon biosensors [4] in order to track a specific analyte upon biochemical binding. Biotinylated cage constructs are common examples for detecting avidin, and proteinlinked cages have the potential to bind to specific cell membrane receptors. Changes in the NMR signal of trapped 129 Xe occur upon interaction with the target and provide a powerful tool for spectroscopy and imaging. Hence, detection techniques that can identify caged Xe at low concentration (<10 ÿ6 M) and are sensitive to the in situ physical environment will make NMR more competitive with optical and radioisotope detection.
A sensitive method of indirectly detecting exchangeable HP nuclei within cryptophanes through chemical exchange saturation transfer (CEST) has recently been reported (hyper-CEST, [5] ). Magnetization from encapsulated xenon can be ''labeled'' by a selective rf pulse that induces depolarization (i.e., saturation of the spin system). Depending on the exchange rate, hundreds to thousands of nuclei per second per cage experience this pulse, resulting in a depletion of the magnetization of free, dissolved xenon in the vicinity of the cage. This ensemble of uncaged xenon serves as a reservoir to detect the flow of saturated spins from the functionalized cage where the magnetization change is encoded.
Since chemical exchange rates are very sensitive to temperature T, the response of the hyper-CEST effect upon changes in T is a promising tool to achieve highsensitivity detection of the in situ environment and of the concentration of caged 129 Xe. Xenon atoms have been shown to reside in cryptophane cages in water for a few milliseconds at room temperature [2] . An increase in T significantly decreases this lifetime [6] and should amplify the hyper-CEST effect. Here, we describe the direct response of the xenon reservoir signal intensity, I res t, in such a system to a temperature input function Tt in order to determine the sensitivity, dI res =dT, of the 129 Xe NMR signal to temperature changes and to push the detection limit of functionalized cages into the nanomolar concentration range.
A gas mixture of 89% He, 10% N 2 , and 1% xenon (natural abundance of 129 Xe: 26%) was passed through a hyperpolarizer (XenoSpin TM , Amersham Health, Durham, NC) where spin exchange with optically pumped rubidium vapor [1] generates a 129 Xe nuclear spin polarization of ca. 5%. This mixture was delivered into an aqueous solution as described previously [7] . Figure 1 illustrates the 129 Xe NMR spectrum in D 2 O with a functionalized cryptophane-A cage designed as a universal precursor for biosensors that are prepared by For this experiment, hyper-CEST detection used a frequency-selective saturation pulse of 500 ms (amplitude B 1 6:48 T, bandwidth 0:93 ppm) centered at 2 , followed by observation of the subsequent change in the reservoir signal. Previous studies showed that the resonance frequency of the caged xenon shifts linearly with temperature [6] . This effect requires that the saturation carrier frequency ! sat be swept to ensure optimum activation of the hyper-CEST effect when studies extend over substantial temperature ranges and use narrow bandwidth saturation pulses. Comparing spectra at 295 and 313 K showed a shift of 26:6 Hz=K for the resonance of caged xenon (Table I) for this molecule. In contrast, the reservoir signal shift of 3 Hz=K is insignificant and should not require parameter adjustments for this system.
The substantial exchange line broadening associated with increasing temperature causes a linewidth for trapped 129 Xe of ca. 74 Hz at 313 K compared to ca. 40 Hz at 295 K. Hence, thermometric resolution based on direct observation of encapsulated Xe is reduced from 0:15 to 0.28 K at 313 K [9] . While direct observation of caged xenon requires relatively high concentrations of the construct (or extensive signal averaging), thermometry via saturation transfer into the reservoir works at much lower concentrations. However, sweeping ! sat to scan for maximum saturation revealing 2 T is time-consuming and becomes less accurate with increasing T due to the above-mentioned line broadening. Detecting I res T instead of 2 T yields higher sensitivity to temperature changes and is achieved in only two acquisitions.
For illustrating this approach, the temperature of the biosensor sample was varied over time, serving as a characteristic input function Tt, and the change in I res t was Hz, the sample was heated up to T 313 K in steps of 2 K using the variable temperature unit of the spectrometer. To allow for stabilization of T within the solution, an acquisition was started every 7 min. Cooling of the sample to 287 K was performed at twice the rate that it had been heated, followed by an adjustment to room temperature [ Fig. 2(a) ]. Figure 2(b) shows the response of I res t to Tt which is clearly the inverse of the sawtooth input function, corresponding to increased depolarization transfer upon increasing temperatures and vice versa. To calibrate the temperature sensitivity of this sensor, data from Fig. 2(b) were used to plot I res vs T as shown in Fig. 3(a) . Signal intensity from an acquisition without a saturation pulse [see dashed line in Fig. 2(b) ] was used to normalize all data points. The temperature dependence can be modeled with an empirical fit to a sigmoidal Boltzmann function (correlation coefficient R 2 0:98)
with A 1 0:04 0:04, A 2 1:00 0:05, T 0 297:5 0:5 K, and dT 3:9 0:6 K ÿ1 . The derivative of this function yields the differential temperature sensitivity dI res =dT plotted in Fig. 3(b) (solid line) , showing a maximum sensitivity of ca. 6% decrease per kelvin around 297.5 K. Since the systematic noise is about 3.6% (see below), this corresponds to temperature resolution of ca. 0.6 K. The differential sensitivity is adjustable to some extent by adjusting certain system parameters. For example, lower cage concentrations, shorter saturation pulses, or lower saturation power would all yield less efficient saturation transfer at a given T, thus shifting the Boltzmann function to the right. This was demonstrated with a solu- Fig. 2(b) at 27:2 M cage concentration () and for 11:2 M cage concentration (+). The signal intensity is normalized to a control experiment without saturation pulse. Data are fitted to Eq. (1) and shown with a 95% confidence band (dashed lines). (b) The differential sensitivity of 129 Xe signal, intensity change per kelvin, is given by the first derivative of the fit results in (a). Reducing the concentration of the cage construct shifts the maximum sensitivity to higher temperatures. Since the experimental SD in determining I res is 3:6% (see below), the temperature resolution is limited to ca. 0.6 K for the 27:2 M solution.
FIG. 4. High-sensitivity detection of 1.4 nM encapsulated xenon signal (10 nM cage present) in D 2 O at 310 K. The SD in the control data set is 3.6% and is systematic noise due to imperfections in the xenon delivery. Maximum signal depletion is 16% of a resonance that was detected with a S=N of 110. However, the limiting factor for the hyper-CEST detection is the variability of 3.6% in the off-resonance experiment, so S=N for indirect sensor detection is 16:5=3:6 4:6. 257603-3 tion of 11:2 M cage concentration (only one temperature sweep from 293 to 313 K in this case). As seen in Fig. 3(a) , the overall saturation is decreased and the Boltzmann transition stretched over a wider temperature range (A 1 0:11 0:03, A 2 1:00 0:03, T 0 303:7 0:3 K, dT 5:7 0:5 K ÿ1 , R 2 0:99). In addition, the range of maximum sensitivity is shifted by 6.2 K to give a high-T sensitivity [ Fig. 3(b) , dashed line]. Similarly, a low-T sensitivity can be achieved by opposite modifications. The significant increase in saturation transfer upon increasing T shown in Fig. 3(a) can be used to detect very low concentrations of caged xenon. To determine the detection threshold for this construct at body temperature (ca. 310 K), a solution of 10 nM concentration was prepared. Figure 4 illustrates that hyper-CEST induces a signal decrease of 16% with this concentration after 20 s saturation with a pulse amplitude of B 1 25:8 T ( 544 Hz). The standard deviation (SD) of the signals detected in control experiments with off-resonance saturation was 3.6%.
To estimate the sensitivity gain compared to direct detection shown in Fig. 1 , parameters summarized in Table II were used. The xenon occupancy of the cages calculated from the binding constant, K 6000 M ÿ1 [7] , is 53% [10] . This information must be considered when designing cages with different affinity for the noble gas [3] . The saturation transfer observed in Fig. 4 is caused by a concentration of caged 129 Xe that is only 1.4 nM. Even though the S=N of direct detection at 310 K will be slightly higher than at 313 K (ca. 6 instead of 5.1 [11] ), this comparison still yields a 4000-fold sensitivity enhancement with respect to direct detection; the direct measurement time would be 55 yr to achieve the same S=N rather than 106 s.
Under conditions described here the exchangeable, hyperpolarized xenon detection makes NMR much more sensitive than optical methods in this specific case. Conventional, benchtop uv-visible absorbance detection of the cryptophane-A cage ( 282 8000 M ÿ1 cm ÿ1 , [12] ) requires a minimum concentration of 1 M [13] . Thus the temperature-controlled depolarization transfer detection is very promising for new applications of highsensitivity NMR with functionalized biosensors.
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